Flow separation control over a three-dimensional contour bump using jet in a Mach 1.9 supersonic freestream has been experimentally investigated using a transonic/supersonic wind tunnel. Jet total pressure in the range of 0-4 bar was blowing at the valley of the contour bump. Schlieren photography, surface oil flow visualisation and particle image velocimetry measurements were employed for flow visualisation and diagnostics. Experimental results show that blowing jet at the valley of the contour bump can hinder the formation and distort the spanwise vortices. The blowing jet can also reduce the extent of flow separation appears downstream of the bump crest. It was observed that this approach of flow control is more effective when high jet total pressure is employed. It is believed that a pressure gradient is generated as a result of the interaction between the flow downstream of the bump crest and the jet induced shock leads to the downwards flow motion around the bump valley.
Introduction
Research on two-and three-dimensional contour bumps is an active research topic in the aerospace sector because of their applicability in both transonic and supersonic vehicles. Studies on wave drag reduction using contour bumps in transonic aircraft wings have been well documented in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It was found that around 10 to 20% of wave drag reduction could be achieved by using this flow control strategy. In addition, NASA proposed the concept of the Diverterless Supersonic Inlet (DSI) which implemented three-dimensional contour bumps as part of the supersonic inlet in 1950s [15] . Later studies concluded that compared to the other conventional supersonic inlet configurations, DSI could achieve higher total pressure recovery and lower flow distortion in supersonic speeds [16] [17] [18] [19] [20] . The results from these studies eventually materialised and DSI was first implemented into the engines of the Lockheed-Martin F- 35 Lightning supersonic fighter aircraft [21] .
Although using contour bumps could provide desire performance in drag reduction and high total pressure recovery in transonic and supersonic aircraft, it is known that adverse effects can be induced by flow separation and spanwise vortices formation appear downstream of the bump crest of the bumps [3, 14, 17] . As a result, it is important to investigate the flow separation characteristics of contour bumps in order to have better understanding in the physics of bump flow. Surprisingly, only a few studies have been conducted in this area for both subsonic and supersonic speeds. Although the subject matter of the present study is contour bump flow separation control in supersonic speed, some background information about the flow physics of contour bumps in subsonic free-stream is also included to provide a more complete literature survey.
In subsonic flow, Byun [22] and Byun et al. [23] investigated experimentally the formation of spanwise vortices downstream of the bump crest for a range of three-dimensional rounded contour bumps. The authors concluded that the number and size of the spanwise vortices that formed depended on the width and apex height of the bump. In addition, large-scale three-dimensional flow structures were observed which indicated the presence of a wake region downstream of the bump crest. Recently, Yakeno et al. [24] numerically investigated the streamwise flow pattern over a two-dimensional rounded contour bump in laminar flow. The results obtained suggest that flow separation appears immediately downstream of the bump crest which leads to the formation of three-dimensional flow structures in the wake region. The authors found that their size and shape depend on the Reynolds number of the flow and a similar conclusion was also drawn by Iaccarino et al. [25] in turbulent flow.
Lo [26] , Lo and Kontis [27] and Lo et al. [28, 29] investigated experimentally the flow pattern around a three-dimensional rounded contour bump in both Mach no. 1.3 and 1.9 supersonic free-stream. Experimental data showed that flow separation did appear immediately downstream of the bump crest which led to the formation of a large wake region. In addition, the authors in these studies showed that counter-rotating spanwise vortices were formed in the bump valley which is agreed with the finding obtained by Konig et al. Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/aa [3] . In addition, the results shown in these studies suggested that the size of the wake region and spanwise vortex pairs that formed downstream of the bump crest decreased when the free-stream Mach number was increased from M 1 ¼ 1.3-1.9.
Svensson [30] conducted a numerical study to investigate the streamwise and spanwise flow patterns over different rounded threedimensional contour bumps in both subsonic, transonic and supersonic free-stream to investigate the applicability of contour bumps with various geometries in DSI. The author concluded that for a contour bump with a given bump width and apex height, the size of the wake region and the spanwise vortices that formed in the bump valley increases with increasing free-stream Mach number (M 1 ) when M 1 o1. In contrast, when M 1 41, the size of the wake region and the spanwise vortices decreases with increasing free-stream Mach number. This is agreed with the results shown by Lo [26] and Lo et al. [28, 29] .
It is clear that the occurrence of flow separation and the formation of the spanwise vortices increase the pressure drag generated by the bumps. In addition, when contour bumps are used in DSI, these effects lower the total pressure recovery that can be achieved and also affect the uniformity of flow entering the engines [17, 30] . Therefore, effective measures must be established in order to achieve flow separation control in contour bumps. Jet blowing is one effective way to achieve flow separation control and it has been extensively investigated in the subsonic flow regime. In contrast, using continuous jet blowing in flow separation control in supersonic flow is less common. The studies conducted by Zubkov et al. [31] , Glagolev et al. [32, 33] , Glagolev and Panov [34] and very recently Beketaeva et al. [51] were some of the earliest experimental studies to investigate the interaction between the injected sonic/supersonic jet and the supersonic free-stream. In these studies, the gaseous jet was injected from a flat plate through orifices of different sizes. Experimental data in these studies showed that complicated three-dimensional compression waves are formed upstream of the injected jet. In addition, a pair of counter-rotating horseshoe-shaped vortices appears immediately downstream of the injected jet and the tips of these horseshoe vortices propagated downstream from the jet.
One of the first experimental studies that investigated the flow physics of supersonic flow past a flying object with sonic and supersonic jet injection employed was conducted by Zubkov et al. [35] . Experimental data in [35] showed that the interaction between the injected jet and the supersonic free-stream leads to the formation of a shock wave immediately upstream of the jet. In addition, counterrotating vortices were observed in the leeward side of the model. Koike et al. [36] found that by blowing jet continuously at the leeward face of a micro-ramp in a Mach 2.6 free-stream could reduce the extent of flow separation that occurred. The authors explained that the blowing jets reduced the size of the spanwise vortices that formed and also led to the formation of a streamwise vortex pair downstream of the micro-ramp. These streamwise vortices facilitate flow mixing between the low energy boundary layer and the high energy freestream. As a result, the boundary layer was re-energised and thus delayed flow separation. Lo et al. [26, 28] experimentally investigated flow separation control in a three-dimensional contour bump using active blowing jet in a Mach 1.3 free-stream. Similar to the conclusion obtained by Zubkov et al. [35] and Koike et al. [36] , the authors found that the blowing jet hindered the formation of the spanwise vortices and also reduced the size of the wake region that appeared in the bump valley.
The present study aims to extend the previous studies conducted by Lo et al. [26, 28] to a higher free-stream Mach number to simulate the working conditions of a diverterless supersonic inlet. This experimental study aims to firstly look at the flow physics of a three-dimensional rounded contour bump with and without active sonic jet blowing involved in a Mach 1.9 free-stream. Secondly, the effect of the jet total pressure in affecting the streamwise and spanwise flow patterns over the contour bump is also included in this study.
Experimental setup

Tri-sonic wind tunnel
All of the experiments in this campaign were conducted in an intermittent in-draught type tri-sonic wind tunnel. An intermittent in-draught type wind tunnel means that the airflow inside it is maintained by means of a pressure difference between the atmosphere (upstream) and vacuum (downstream). A schematic of this wind tunnel facility is shown in Fig. 1 . The same trisonic wind tunnel was also employed in the experimental studies conducted by Lo [26] , Lo and Kontis [27] , Lo et al. [28, 29] , Zare-Behtash et al. [46, 47] , and Ukai et al. [48] [49] [50] . The wind tunnel has a rectangular test section with dimensions of 485.5 mm (length) Â 150 mm (width) Â 216 mm (height). The three-dimensional rounded contour bump model was floor mounted at the middle of the wind tunnel test section. Optical access is achieved through the two quartz side and the top windows which is also made of quartz. A quick opening butterfly valve is situated between the test section and the vacuum tank. When the butterfly valve is opened, a pressure difference is generated between the upstream of the wind tunnel and the vacuum tank. As a result, a stable airflow is developed inside the wind tunnel. The required Mach 1.9 supersonic free-stream was generated by expanding the airflow inside the wind tunnel through a pair of convergent-divergent nozzles situated upstream of the test section.
The free-stream Mach number (M 1 ) at the wind tunnel test section was calculated from the total pressure ratio between the upstream and at the test section of the wind tunnel [37] . Pitot probes were inserted into the wind tunnel to obtain information about total pressures at the two different locations. The end of each pitot probe was connected to a Kulite XT-190M pressure transducer via flexible tubes. The voltage signals from the pressure transducer were captured by a National Instruments (NI) Fig. 1 . Schematic of the tri-sonic wind tunnel.
NI-USB-6259 Data Acquisition (DAQ) system at a sampling rate of 20 kHz over a sampling period of 10 s. The tri-sonic wind tunnel has a stable runtime of 6 s. At M 1 ¼1.9, the flow Reynolds number per unit length (Re/m) is Re/m¼9 Â 10 6 and the maximum turbulent intensity level of the free-stream is about 0.7% Under the same initial conditions, the variation of the free-stream Mach number at the test section is about M 1 ¼ 1.9 7 0.1.
The velocity profile of the flow measured at the location 10 mm upstream of the contour bump model is shown in Fig. 2 . A turbulent flow velocity profile can be observed from Fig. 2 and the boundary layer thickness, based on 99% of the free-stream velocity (δ 99 ), is about δ 99 ¼8 mm. Therefore, the boundary layer thickness is about 80% of the bump height.
Contour bump
A three-dimensional rounded contour bump model with jet orifices situated in the bump valley (hereafter referred to as the active jet bump) was used in this experimental study. The schematic of the active jet bump is shown in Fig. 3 . The dimensions of the active jet bump are 75 mm (length) Â 50 mm (width) Â 10 mm (apex height). Three 2 mm diameter jet orifices, aligned at 45°with respect to the transverse direction, are situated in the bump valley 5 mm below the bump crest. One of these three jet orifices is located at the centreline of the bump while the other two are situated 3 mm away from the centreline in the two sides. Sonic air jet at different total pressures (P jet ) is blowing from these orifices in attempt to affect the flow pattern downstream of the bump crest. Totally, six different jet total pressures ranging from 0 bar (i.e. no jet) to 4 bar were used in the present study.
High-speed schlieren photography
Topler's z-type Schlieren photography technique [38, 39] was employed for flow visualisation in the streamwise direction within the tri-sonic wind tunnel. The Schlieren system contains a 450 W continuous Xenon arc-lamp light source, a focusing lens, a slit with 2 mm width, a horizontal knife edge, a set of Hoya 49 mm diameter close-up lens, and two parabolic mirrors. The diameter and the focal length of each parabolic mirror are 203.2 mm and 2088 mm, respectively. It should be noted that a 5°offset angle with respect to the axis of each parabolic mirror was set to minimise the 'coma' effect. Schlieren images were captured by a Photron Fastcam SA1.1, monochrome, high-speed camera. The frame rate of the camera was set to 5000 frames per second at a resolution of 1024 pixels Â 1024 pixels. The exposure time of the camera was set to 1 μs for capturing unsteadiness effects in the flow field. The schematic setup of the Schlieren photography experiments is shown in Fig. 4 .
The uncertainty of angle measurements using images obtained from the high-speed Schlieren photography experiments is calculated using Eq. (1).
In Eq. (1), R i is the angle which measured from an individual Schlieren image and ̅ R is the mean angle which is measured from n samples. Using Eq. (1), the uncertainties of the separation shock angle, shear layer angle, the reattachment shock angle and the jetinduced shock angle, based on the measurement of 200 individual Schlieren images are calculated and tabulated in Table 1 .
Surface fluorescent oil flow visualisation
An in-house developed fluorescent oil recipe was used in the surface oil flow visualisation experiments. This fluorescent oil mixed from this recipe is able to follow the flow streaklines accurately in supersonic speeds [26] [27] [28] [29] [32] [33] [34] [35] [36] . Fig. 5 shows the schematic setup of the surface oil flow visualisation experiments.
Illumination in the surface oil flow experiments was provided by two UV LED (Light Emission Diode) panels with 225 LED units arranged in a 15 Â 15 array included in each panel. These two UV LED panels were located adjacent to the two side windows to ensure the entire wind tunnel test section was uniformly illuminated. A layer of fluorescent oil of approximately 10 mm (length) Â 150 mm (width) Â 5 mm (thickness) was applied 100 mm upstream of the contour bump model. In order to increase contrast, the model was first sprayed with five layers of matt black acyclic paint prior to the experiments. Instantaneous oil trails along the contour bump model were captured by a ceiling mounted Cannon EOS 600D digital SLR camera which has a maximum resolution of 14 Mp. The ISO speed, shutter speed, and F-number were set to ISO400, 1/4000 s, and F11, respectively.
Particle image velocimetry
Particle Image Velocimetry (PIV) was employed to measure velocity and other flow properties along the contour bump models. The laser illumination is provided by a Litron Nano L-series, Nd:YAG Model LPU550 Q-switched double-pulsed laser. The maximum pulse energy output of the system is 200 mJ at 15 Hz repetition rate. The wavelength and the duration of the laser pulses is 532 nm and 4 ns, respectively. The laser beam generated was delivered to the wind tunnel test section via a movable laser guide arm and expanded through a series of optics to form a thin laser sheet ( $ 0.8 mm in width). This thin laser sheet illuminated along the centerline of the contour bump model. A schematic setup of the PIV experiments is shown in Fig. 6 .
The separation time between the two consecutive laser pulses (δ t ) was set to δ t ¼ 0.9 μs. This is calculated based on the theoretically predicted flow speed of the Mach 1.9 free-stream and the size of the interrogation windows that used. Through this setting the displacement of the tracer particles between two consecutive frames was 6 pixels. Flow seeding is achieved using olive oil particles generated by of the seeder particles is Stk¼0.048. This ensures the seeder particles could trace the flow accurately during the measurements. PIV images were captured by a LaVision Imager Pro X 2 M CCD camera with 1600 pixels Â 1200 pixels which viewed the laser sheet orthogonally. A Nikon 28 mm to 85 mm zoom lens was mounted on the camera. In addition, a 532 nm narrow band-pass filter was placed in front of the lens to minimise the background noise effects. Approximately 80 pairs of wind-on images were recorded during each PIV measurement. Each test case was repeated at least five times to ensure the final averaged velocity vector field was constructed by averaging at least 300 image pairs. The recoded image pairs were processed by the software DaVis 7.2 using cross-correlation algorithm. Multiple stages and passes processing techniques were employed to improve the accuracy of the averaged vector field which resolved [40, 50] . The PIV images were first divided into a number of 64 pixels Â 64 pixels interrogation windows at which two times of cross-correlation were conducted. Then, at the second stage, the interrogation windows were refined to 32 pixels Â 32 pixels and another three times of cross-correlation calculation were conducted. A 50% of overlapping between two neighbour interrogation windows was used for both stages of vector processing in order to reduce the number of spurious vectors appeared in the processed vector field.
The method used in this study to determine the uncertainty of PIV measurements was proposed and adopted by Lusk [41] and Lusk et al. [44, 45] . There are three main sources of uncertainties associated with the PIV measurements. These errors include the error arises during the cross-correlation process, the accuracy of the seeder particles to follow the flow streamlines and also the uncertainty in velocity measurement using PIV. The error due to the cross-correlation analysis using the Davis 7.2 software is about 3% of the total number of vectors that are resolved by the crosscorrelation algorithm [41, 44] . For the accuracy of the seeder particles to follow the flow streamlines, Samimy and Lele [42] shows that the error of the seeder particles to follow the flow increases linearly with the Stokes number (Stk) when Stk o1. Typically, when Stk ¼ 0.2, the error of the seeder particles to follow the flow streamlines is about 2%. In the presence study, the maximum Stoke number is Stk ¼0.048. Therefore, the maximum error of the seeder particles to follow the flow streamlines is 0.48%.
Grant and Owens [43] proposed a formula (Eq. (2)) to calculate the uncertainty of the velocity measurement (ε s ) by using PIV under a turbulent flow:
In Eq. (2) , N is the total number of images obtained from the PIV measurement and z c is the confidence coefficient, T i is the local turbulent intensity of the flow. Eq. (2) is valid when the turbulent intensity in any part of the flow is smaller than 30% [43] . For a 95% of confidence level, the corresponding confident coefficient is z c ¼1.96. Since at least 300 pairs of images (i.e. minimum 600 images) are used to produce a time-averaged PIV image and noting that maximum local turbulent intensity of the flow is about 8%, the maximum error in local velocity measurement (ε s ) using PIV is about 5.6%. By combining all individual errors that occurred in the PIV measurements, the overall uncertainty of the PIV measurements is about 6.4%.
In addition, the average flow acceleration characteristic (a flow ) of the active jet bump with 4 bar total pressure blowing jet employed is evaluated along various normalised x-locations (i.e. x/h where h is the apex height of the contour bump). The result obtained is tabulated in Table 2 . It can be seen from Fig. 7 (a)-(f) that upstream of the bump crest the spanwise flow pattern remains similar for all cases being studied. The incoming flow was deflected upward and sideway by the ramp-shaped front surface of the active jet bump. As a result, the flow followed the contour and moved along the front part of the bump and eventually reached the bump crest. Due to the rapid change in the contour along the bump valley the flow separated downstream of the bump crest which is evidenced by the presence of a separation line (S.L.) at the bump crest.
Results and discussion
Surface oil flow visualisation
The flow pattern along the bump valley of the active jet bump is affected by the blowing jet and cannot be generalised. In the baseline case when no jet is blowing in the bump valley ( Fig. 7 (a) ) two big counter-rotating spanwise vortices (V) are formed in the bump valley. It is deduced that as a result of the flow separation, a low pressure wake region is formed downstream of the bump crest. This low pressure zone attracts the relatively high pressure flow from the two sides of the bump to circulating in the bump valley which eventually leads to the formation of the spanwise vortex pair. Interesting changes appear when jet starts blowing in the valley of the active jet bump. When the total pressure of the blowing jet is set to 0.5 bar ( Fig. 7 (b) ), the two large spanwise vortices shown in the baseline case with no jet blowing ( Fig. 7 (a) ) disappear. Instead, two highly distorted spanwise vortices are formed in the upper part of the bump valley. Similar flow pattern also appears when the jet total pressure is increased to 1 bar ( Fig. 7 (c) ). In this case, the stronger jet further distorted the spanwise vortex pair that results in the presence of the smaller spanwise vortices in the bump valley.
Further changes appear when higher total pressure jet is used. When the total pressure of the blowing jet is set to 2 bar ( Fig. 7  (d) ), four mini-vortices (M.V.) are presented in the bump valley. Two of these mini-vortices are formed near the two jet orifices located at the two sides while another two are situated in the lower part of the bump valley. Similar flow pattern can also be observed once the total pressure of the blowing jet is increased to 3 bar ( Fig. 7 (e) ) and 4 bar ( Fig. 7 (f) ). From Fig. 7 (e) and (f), it can be seen that, with these two jet total pressures, the size of the two mini-vortices that situated near the jet orifices reduced significantly and they could only barely be seen. In contrast, the two mini-vortices located near the rear end of the active jet bump become bigger and more clearly defined.
To summarised, it is observed that the blowing jet can distort and reduce the size of the spanwise vortices that formed in the bump valley, particularly in those cases with high jet total pressures employed. In fact, the effects of the injected sonic jet in affecting the vortical structures that formed in the leeward side of an object in supersonic free-stream was also documented in [35] . Although a different test model was used by Zubkov et al. [35] , some similarity in terms of the effects of injected jet in altering the size and formation location of the spanwise vortices can be observed from [35] . It is believed that the blowing jet increases the local pressure level in the area around the three jet orifices in the bump valley. Therefore, less flow is attracted to move to the bump valley from the two sides which eventually leads to the formation of the smaller spanwise vortices.
There is one point should be noted here. It would be useful if the pressure distributions over various cross sections of the contour bump are measured. Unfortunately, no pressure measurements were conducted due to the design constraint of the contour bump model. A gas plenum that connected with the three jet orifices is situated at the underside of the contour bump model. Therefore, it is not feasible to implement any pressure taps on the bump model as they would have to penetrate through the gas plenum that would completely change the flow pattern over the contour bump.
Schlieren photography
Schlieren photography images shown in Fig. 8 (a) -(f) are used to show the streamwise flow pattern along the active jet bump. Flow compression occurred when the incoming Mach 1.9 supersonic free-stream reaches the front of the active jet bump which results in the formation of a separation shock (S.S.) at the beginning of the bump. Across the separation shock, the supersonic flow follows the ramp-shaped front surface of the bump to reach the bump crest at which the flow is expanded. This is evidenced by the presence of a series of expansion waves (E.W.) around the bump crest as seen in the Schlieren images. As the flow is separated from the bump immediately downstream of the bump crest, therefore, a shear layer in formed downstream of the bump crest. The flow pattern behind the bump crest depends on whether the blowing jet in the bump valley is being turned on. In the baseline case with no jet blowing ( Fig. 8 (a) ), no noticeable flow feature can be observed along the bump valley. However, in those cases with active jet blowing employed ( Fig. 8 (b)-(f) ), a shock wave known as the jet induced shock (J.S.) is presented adjacent to the three jet orifices in the bump valley. Its formation is due to the ramping effects induced by the blowing jet. In fact, similar conclusions and flow features appear around the injected jet were also documented and shown in Zubkov et al. [31, 35] , Glagolev et al. [32, 33] and Glagolev and Panov [34] . Basically, immediately upstream of the injected jet, complicated three-dimensional compression waves appear and the collision of these compression waves at a more downstream location leads to the formation of the jet induced shock. In addition, turbulent flow structures are formed immediately downstream of the injected jet. According to Zubkov et al. [31, 35] , Glagolev et al. [32, 33] and Glagolev and Panov [34] , these turbulent flow structures are actually a pair of horseshoe-shaped vortices that propagate downstream. Finally, at the rear end of the active jet bump, another shock known as the reattachment shock (R.S.) appears. Across the reattachment shock, the flow becomes parallel to the free-stream direction again.
An interesting observation should be noted here. From Fig. 8  (b )-(f), it can be seen that the shear layer seems to be deflected downward by the jet or the jet induced shock in those cases with jet blowing in the bump valley. It is evidenced by plotting the average shear layer angle (δ S.L. ) of the active jet bump with and without jet blowing employed ( Fig. 9 ). It should be noted that the averaged shear layer angle in each case is calculated by averaging the shear layer angle of 200 instantaneous Schlieren images. From Fig. 9 , it can be seen that the shear layer angle is the largest (i.e. the least downwards) when no jet is blowing in the bump valley. Once jet blowing is activated, the shear layer angle decreases progressively when the total pressure of the blowing jet is increased from 0.5 to 2 bar. The shear layer angle is then remained relatively constant with increasing jet total pressure from 2 to 4 bar. From this it is concluded that the blowing jet could deflect the shear layer downwards which, in turn, might affect the size of the wake region that formed downstream of the bump crest.
Particle image velocimetry (PIV) measurements
Qualitative and quantitative data obtained from Particle Image Velocimetry (PIV) measurements are presented in this sub-section. The time-averaged x-and y-velocity contours along the centerline of the active jet bump with and without jet blowing employed are shown in Figs. 10 and 11, respectively. As already mentioned in subsections 3.1 and 3.2, similar flow pattern appears upstream of the bump crest of the active jet bump regardless whether the jet blowing is activated. This can be observed from Figs. 10 and 11 that similar x-and y-velocity contours are shown upstream of the bump crest in all cases being studied.
It is evidenced by plotting the normalised velocity profiles in xand y-directions at the normalised location x/h ¼3 (i.e. at the middle of the bump front surface) where h is the apex height of the bump (Fig. 12 ). It should be noted that the flow velocity in xand y-directions is normalised with the mean free-stream velocity (U 1 ) where U 1 ¼487 ms À 1 . As very similar velocity profiles are obtained in all cases being studied as seen in Fig. 12 , this indicates that the blowing jet in the bump valley does not exert any effects in affecting the flow pattern upstream of the bump crest. Although small fluctuations in the velocity profiles in different cases being studied can be observed in Fig. 12 , it is believed that those fluctuations are caused by small velocity fluctuation during the wind tunnel operation and might be ignored.
In contrast, the flow pattern downstream of the bump crest is strongly influenced by the blowing jet and the total pressure of the jet. In exact, the blowing jet in the bump valley affects the shear layer angle and also the size of the wake region downstream of the bump crest. This can be confirmed by observing the x-velocity contour along the centerline of the active jet bump (Fig. 10) . In the baseline case with no jet blowing is employed ( Fig. 10 (a) ), a long and wide low pressure region, i.e. the wake region, appears downstream of the bump crest of the active jet bump. The formation of this low pressure wake region is caused by the flow separation that happens immediately downstream of the bump crest. The length (l wake ) and the maximum height (h wake ) of the wake region are about l wake ¼0.53c and h wake ¼0.13c, where c is the length of the bump. This indicates that the length of the wake region in this case is more than half of the length of the active jet bump.
However, some changes in the size of the wake region occur in those cases with jet blowing employed. In the case when the blowing jet is at 0.5 bar total pressure ( Fig. 10 (b) ), a considerably shorter and narrower wake region is formed in the bump valley compared to the baseline case. Quantitatively, the length and the maximum height of the wake region are l wake ¼0.37c and h wake ¼0.11c, respectively. This means that the jet at 0.5 bar total pressure could reduce the size of the wake region by 41% compared to the baseline uncontrolled case. Similar results can also be observed in those cases when the total pressure of the blowing jet is set to above 0.5 bar ( Fig. 10 (c)-(f) ). When the total pressure of the blowing jet is at 1 bar ( Fig. 10 (c) ), the size of the wake region becomes marginally smaller than that when the blowing jet pressure is at 0.5 bar. In this case, the length and the maximum height of the wake region are about l wake ¼0.31c and h wake ¼0.11c, respectively. This indicates that the wake region is around 51% smaller than that in the baseline case.
Significant changes occurs in the case with 2 bar total pressure jet blowing in the bump valley. As seen in Fig. 10 (d) , a short and narrow wake region is formed downstream of the bump crest. In fact, the size of the wake region in this case is around l wake ¼ 0.25c and h wake ¼ 0.09c which is 67% smaller than that as seen in the baseline case. The presence of this small wake region indicates that the separated flow quickly reattached downstream of the bump crest. This implies that the extent of flow separation is significantly controlled by the 2 bar total pressure jet in the bump valley. However, the size of the wake region remains relatively constant once the total pressure of the blowing jet is increased to above 2 bar. It can be revealed by observing Fig. 10 (e ) and (f) for the cases in which the total pressure of the blowing jet is at 3 and 4 bar, respectively. Quantitatively, the wake region has the size of l wake ¼0.26c and h wake ¼0.1c at 3 bar while l wake ¼0.24c and h wake ¼0.09c at 4 bar jet total pressure. This indicates that the size of the wake region in these two cases is similar to that with 2 bar total pressure jet employed as shown in Fig. 10 (d) .
It is therefore clear that flow separation control in contour bumps can be achieved effectively in supersonic speeds using active jet blowing. In this study, this flow control strategy is particularly effective when the jet total pressure of the blowing jet is at 2 bar. It is deduced that the blowing jet provides two effects in achieving flow separation control. First of all, the momentum of the flow is increased by the blowing jet which accelerates the reattachment of the separated flow downstream of the bump crest. Secondly, the blowing jet seems to be able to reduce the size of the wake region which formed downstream of the bump crest by deflecting the shear layer more downwards. This is partially supported by visualising the y-velocity contour along the centerline of the active jet bump shown in Fig. 11 . From Fig. 11 (a) to (f), a region that shows negative y-velocity (i.e. downward flow movement) exists slightly downstream of the bump crest in all cases being studied. However, the size and strength of this region vary with the total pressure of the blowing jet. In the baseline case in which no jet blowing is used ( Fig. 11 (a) ), the region that shows negative y-velocity is considerably small. However, once the blowing jet is activated the size of that region increases progressively with increasing jet total pressure from 0.5 to 2 bar ( Fig. 11 (b)-(d) ). This indicates that the flow shows progressively stronger downward movement downstream of the bump crest which, in turn, leads to the formation of progressively smaller wake region. Interestingly, once the total pressure of the blowing jet increased further to 3-4 bar ( Fig. 11 (e) and (f) ), the region that shows downward flow movement becomes similar to that as seen in the baseline case ( Fig. 11 (a) ). However, stronger downward flow movement is shown downstream of the bump crest in these cases. This is evidenced by considering the normalised y-velocity profiles of the flow (v/U 1 ) at the normalised locations x/h¼6 to 8 (Fig. 13) , i.e. the wake region that presence downstream of the bump crest, for the cases with jet total pressure set to 2-4 bar. In general, the flow shows progressively stronger downward motion at the normalised locations x/h¼ 6 and 7 with increasing jet total pressure from 2 to 4 bar. This explains why the wake region remains relatively constant in size once the jet total pressure is above 2 bar although a smaller region which shows downward flow motion exists.
Time-averaged z-vorticity contour shown in Fig. 14 is used to investigate the steadiness of the flow along the active jet bump with and without jet blowing employed. In the baseline case ( Fig. 14 (a) ), the flow immediately downstream of the bump crest is highly rotational resulting from the flow separation that happens there. This is evidenced by the presence of a region that shows relatively high negative z-vorticity downstream of the bump crest. However, once the blowing jet in the bump valley is activated ( Fig. 14 (b )-(f)), the flow immediately downstream of the bump crest becomes less rotational. It is believed that the blowing jet stabilised the separated flow by increasing its momentum. In addition, from Fig. 14 (a) -(f), it can be seen that in all cases being studied, a region which shows high levels of positive z-vorticity appears in the bump valley. This is due to the presence of the wake region resulting from the flow separation downstream of the bump crest. However, as seen in Fig. 14, the size of the region which shows high levels of positive z-vorticity becomes progressively smaller when the total pressure of the blowing jet increases progressively from 0 bar ( Fig. 14 (a) ) to 2 bar ( Fig. 14 (d) ) and remains relatively constant afterwards. This result further confirmed that blowing jet in the bump valley could effectively achieve flow separation control in contour bumps in supersonic speeds.
Conclusions
This study experimentally investigated the flow patterns of the active jets bump with and without jet blowing in the bump valley.
The jet total pressure employed was in the range of 0 bar (i.e. no jet) to 4 bar. Surface oil flow visualisation, Schlieren photography technique and particle image velocimetry measurements were used for flow visualisation and diagnostics. Results obtained from the surface oil flow visualisation experiments suggested that the blowing jet could distort the spanwise vortices that formed in the bump valley. In addition, it was observed that the blowing jet could reduce the size of the spanwise vortices. It is believed that the jet increases the local pressure level, thus hindered the formation of the spanwise vortices at the centre portion of the bump valley. Also, it was found that high total pressure jet is more effective is reducing the size of the spanwise vortices in the bump valley. It is deduced that a high total pressure jet exerts effect to a large area in the bump valley, thus making the formation of the spanwise vortices becomes more difficult.
From the Schlieren photography images, it was observed that the blowing jet does not exert any upstream effects to the flow. However, the interaction between the blowing jet and the flow downstream of the bump crest leads to the formation of the jet induced shock in the bump valley. It is believed that the jet induced shock or the blowing jet could deflect the shear layer downwards such that it could affect the size of the wake region in the bump valley. In fact, by measuring the average angle of the shear layer for the active jet bump with different jet total pressure employed, it was observed the shear layer angle becomes more negative (i.e. shows stronger downward movement) when the total pressure of the blowing jet is increased from 0 (i.e. no jet) to 2 bar. However, further increase the total pressure of the blowing jet to above 2 bar exerts no significant influence in further chaining the shear layer angle.
From the results obtained from the PIV measurements, it was concluded that the blowing jet in the bump valley could effectively reduce the extent of flow separation appears downstream of the bump crest. It was observed that the size of the wake region became progressively smaller when the blowing jet total pressure was progressively increased from 0 to 2 bar and remained relatively constant afterwards. In the case when the total pressure of the blowing jet is at 2 bar, the size of the wake region is about 67% smaller than that as seen in the baseline case in which no jet blowing is employed in the bump valley. It is believed that the blowing jet increases the momentum of the separated flow downstream of the bump crest as well as the blowing jet deflects the shear layer downwards. It is deduced that the combination of these two effects lead to the quick reattachment of the separated flow downstream of the bump crest which eventually reduces the size of the wake region.
Finally, it was concluded from the z-vorticity contour plots that the flow downstream of the bump crest shows lower vorticity when jet is blowing in the valley of the active jet bump compared to the baseline case. This, in turns, indicated that the blowing jet in the bump valley could increase the steadiness of the flow downstream of the bump crest of the active jet bump, particularly when the blowing jet has high total pressure. This is believed to be due to the blowing jet in the bump valley increases the momentum and thus, stabilised the flow downstream of the bump crest of the active jet bump.
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